Fluorescence quantum yields, singlet lifetimes and triplet yields for 2-methyl-2,3-dihydro-4(1 H )-quinolinone and N -m ethyl-2,3-dihydro-4(l H)-quinolinone were determined as a func tion o f temperature. In non-polar solvents, an efficient non-radiative process identified as an indirect singlet -*• triplet transition occurring through S2(n,jr*) was found to depopulate the lowest S 1(7t,7E*) state. In polar solvents, direct singlet -> triplet intersystem crossing appears to dominate.
Introduction
In a previous paper [1] we have shown that the absorption and fluorescence properties o f 2,3-dihydro-4(l H)-quinolinones strongly depend on the substituent at the nitrogen atom of the ring as well as on the solvent polarity. These observations were explained by the effect of structure and solvent polarity on the location of the two lowest singlet excited states. In this paper we deal with the influ ence that the experimental conditions have on the rates of the photophysical processes of the 2,3-dihydroquinolinones. The photophysical and photo chemical properties o f 2-methyl-2,3-dihydro-4(1 H)-quinolinone (designated here as 2M D Q and referred to as com pound 2 in Part I) and N-methyl-2,3-dihydro-4(l H)-quinolinone (desig nated here as N M D Q and referred to as com pound 5 in Part I) will be studied in detail. Table I . The solvents are arranged in order of increasing polarity as indicated by the val ues of the £V(30) param eter given in the second column. In this sequence, the energies o f the lowest singlet 0 -0 transitions (obtained from the location of the intersection of the normalized absorption and fluorescence spectra and given under heading v0G) decrease. The results show that both the flu orescence quantum yields and the singlet lifetimes increase considerably with increasing solvent po larity. One can also observe that these quantities are higher for N M D Q than for 2M D Q . In order to obtain more inform ation on the pho tophysical processes, the fluorescence yields and singlet lifetimes were investigated as a function of tem perature in various solvents. The plots of the lifetimes for 2M D Q and M N D Q are given in Fig. 1 and 2 , respectively. The tem perature de-T/K pendences o f the fluorescence yields were found to be very similar to those of the lifetimes and are therefore not shown here. The m ajor features of the observed tem perature dependences can be summarized as follows: (i) Starting from the limit ing low tem perature values, the fluorescence quan tum yields and singlet lifetimes decrease considera bly with increasing tem perature; (ii) The extent of the tem perature dependences decreases with in creasing solvent polarity; (iii) The tem perature de pendences o f QF and 'x were smaller for NM D Q than for 2M D Q . The Arrhenius plots of the ( l / 'xl/'x°) and ( l / ß F-l / 0 p ) differences (where the 0 superscript refers to the low-tem perature limiting value) gave good straight lines as shown for exam ple in Fig. 3 . The Arrhenius param eters an<^ jE'nr derived from such plots, together with the room tem perature rate constants for the tem pera ture independent (&°NR), the tem perature depend ent (&nr) and the overall (fcNR) non-radiative proc esses and for fluorescence (k ¥) are summarized in Table II. 1000 IT 
Results

Fluorescence yield and singlet lifetime
Triplet state formation
A num ber of attem pts have been made to deter mine the quantum yield of triplet 2M D Q form a tion. Various triplet quenchers (biphenyl, naph thalene, 9,10-dibromo-anthracene) were used in laser excitation systems. Using the 351 nm light from a xenon fluoride laser for excitation, no ab sorption due to triplet biphenyl or naphthalene could be detected. The failure to observe energy transfer is probably explained by the fact that the triplet energies of biphenyl (65.7 kcal m ol-1 [2] ) and naphthalene (60.9 kcal m ol-1 [2] ) are close to or above the energy o f triplet 2M D Q (62.5 kcal m ol" 1 [1] ). In case of 9,10-dibromo-anthracene (where the triplet energy is about 42 kcal m ol"1), a different excitation wavelength (i.e. the 308 nm light from a xenon chloride laser) and high 2 M D Q concentrations had to be used. Very week triplet dibrom o-anthracene absorption was ob served. Probably efficient 2 M DQ self quenching occurred under the conditions o f these experi ments.
In further work, the sensitized biacetyl phos phorescence method elaborated by Sandros [3] was applied. The triplet energy of biacetyl is suffi ciently low (56.3 kcal mol" 1 [2] ), and the method has been used successfully for the determ ination of the triplet yields of molecules with about 10 0 ns triplet lifetime [4] , Very week biacetyl phosphor escence and short triplet biacetyl lifetimes were measured. W ith the variation of 2 M DQ concen tration it could be shown that 2 M DQ (like other amines) quenched the biacetyl triplet very effi ciently with a rate close to the diffusion controlled limit.
Since determ ination of the quantum yield o f tri plet form ation by energy transfer methods was not successful, an estim ation of the relative values of triplet form ation efficiences was attem pted. In las er flash photolysis experiments, a transient was observed by its absorption around 500 nm which was identified as the triplet state (see more details below). We have determined relative values of the heights o f the 530 nm transient absorption ob served by laser flash excitation of 2 M DQ at differ ent tem peratures and in different solvents. Al though the strong fluorescence (especially in polar solvents) and the photochemical degradation of the com pound made accurate measurements diffi cult, it became clear that neither the tem perature nor the solvent had a significant influence on the 2 M D Q triplet absorption signal: In methylcyclohexane, variation of the tem perature between 293 and 200 K had no effect that exceeded the error limits. Changing the solvent from methylcyclohexane through toluene and ethylacetate to acetone had little effect; maybe a slight decrease o f the triplet yields with increasing solvent polarity occurred.
Laser flash photolysis study o f transients
Transient studies were made in cyclohexane sol vent in order to minimize the technical problems caused by the disturbance due to the fluorescence. In Fig. 4 , transient absorption spectra are present ed which were obtained with different delay times in the 351 nm (22 mJ/flash) laser flash photolysis of 4 x 10"5 mol dm -3 2M D Q solutions. The spec tra indicate the contribution of at least two tran sient species: one with a maximum at 430 nm which decayed on a relatively long time scale (i.e. about 30 |is half-life) and another or others with absorption maxima at 480 and 530 nm and shorter decay times (i.e. about 10 |is life-time). The decay of the "short-lived species" (m onitored by its ab sorption at 530 nm) and the "long-lived transient" (monitored by its absorption at 430 nm) occurred according to strict first order and roughly second order kinetics, respectively. It is to be noted, how ever, that the decay times given above apply only to the described experimental conditions: the life time of the short-lived species may change as a result of self quenching, while the half-life of the long lived transient depends strongly on the exper imental conditions, as expected for the second or der radical + radical processes (see below).
Transient spectra were obtained also in the laser flash photolysis of N M D Q under similar condi tions as for 2M D Q . The spectra are shown in Fig. 5 . Here, however, the absorption maxima re lated to the short-lived species (520 and 550 nm maxima) and to the long-lived transient (490 nm maximum) were redshifted, and the life-time of the X / nm former as well as the half-life of the latter were longer by about a factor of 2 than in the case of 2M D Q .
In order to identify the transients, laser flash photolysis of 2M D Q solution was carried out in the presence of small am ounts of dissolved oxygen ( 0 2 concentration of 10~4-1 0 "5mol dm -3). Oxy gen decreased the absorption (i.e. the concentra tion) of both species, however, the effect of 0 2 on the life-times was different: while the life-time of the short-lived species was decreased by 0 2, no ef fect on the decay of the other transient was ob vious, at least on the time scale of our observations (i.e. a few times 10 |is). On this basis we identified the short-lived transient (with 480 and 530 nm ab sorption maxima and first order decay kinetics) as the triplet state of 2 MDQ.
There is not enough information available on the other transient for an unambiguous identifica tion of the species. The second order decay kinetics may be taken as evidence for the free radical char acter of the long-lived transient. In these systems, a probable source o f free radical formation is the photoreduction reaction between triplet and ground state 2,3-dihydro-4(l H)-quinolinone m o lecules, thus the long lived transient can be tenta tively identified as a carbon centered free radical with the unbonded electron in position 2 (i.e. in the a-position to the N-atom) and/or the appropriate ketyl radical. Although this identification appears to be the most probable one, it has to be admitted that neither kinetic nor spectroscopic observations exclude the possibility that the isomeric free radi cals, for instance those with the unbonded electron in position 1 or 3 may contribute to the long-lived transient absorption.
Product formation
In Fig. 6 , we present the absorption spectra of acetonitrile solutions of 2M D Q before steadystate UV irradiation with a 200 W high pressure mercury arc (Osram HBO) and at various irradia tion times. The spectra clearly show that certain peaks o f 2M D Q disappear (as for instance the one at 27 000 cirT') as a result of irradiation, while new peaks appear which belong to the reaction products (see the structured peak with maxima at 30500, 31 500 and 35000 cm -1). Isobestic points can be recognized on the Figure which indicates either the form ation o f only one m ajor product or if more reaction routes exist, their ratio remains unchanged. The same is true also in other solvents.
In Fig. 7 the spectra of N M D Q solution in ace tonitrile are shown before and after irradiation v x 10'3/crrf1 The identification o f the photochemical primary product has been carried out also by mass spectrometric analysis of a photolyzed sample (= 9 0 % conversion) of 2M D Q solution in acetonitrile. Only one m ajor reaction product could be detected a 159 m olecular weight com pound corresponding to an overall form ula of C 10H 9NO. This is in full agreement with the results o f the spectroscopic study o f product form ation which showed NM Q to be the m ajor photoproduct. Moreover, mass spectrometric analysis revealed the form ation of a m inor product (about 4 -7 % of the m ajor one) with an overall formula of C20H 2oN20 2 .
Finally, a further check of the identity of the photolysis product was made by HPLC analysis. The column was "Column H ibar" (250 x 4) with the stationary phase Lichrospher 100 RP-18, while the mobile phase was a 60:40 mixture of methanol-water used with 1 cm3 m in" 1 flow rate. C om par ison o f the chrom atogram o f a photolyzed solu tion of N M D Q (2 x 10-4 mol dm -3 in acetonitrile) with that of N M Q clearly showed that photodehy drogenation occurred. A part from the unreacted com pound and the N M Q peak, only one more substance could be detected in the sample which was shown to be formed by photodestruction of the dehydrogenation product.
Photodehydrogenation was found to occur both in the presence and in the absence of air although oxygen decreased significantly the yield of product formation. Q uantum yields o f the photochemical reaction (QR) were determined for 2M D Q in deaerated solvents using the 366 nm filtered light o f a high-pressure mercury arc. The results showed that the photodecom position yields were low in all solvents, especially in the polar acetonitrile and the protic alcohol: QK (cyclohexane) = 0.057, QK (ace tonitrile) = 0.024, Qr (ethanol) = 0.012.
Discussion
Primary photophysical processes
The available fluorescence quantum yields and excited singlet lifetimes allow us to calculate the rate constants for fluorescence (/rF) and for the non-radiative processes (&NR). Such data for room tem perature are given in the second and third col umns of Table II . They indicate that the fluores cence rate constants (k F) are independent both of the solvent and of the substitution, while the rate constants of the non-radiative processes change with these parameters.
The fcNR rate constant is actually an overall quantity which consists of a tem perature inde pendent and a tem perature dependent contribu tion. Using the limiting low-tem perature lifetime, a tem perature independent (k^R) and a tem pera ture dependent (k' NR) non-radiative rate constant may be obtained and the appropriate Arrhenius param eters can be determined (see Table II ). Both k^,R and fc'NR decrease considerably with increasing solvent polarity and at the same time a very signifi cant change of the Arrhenius param eters can be also observed. The latter may be an indication of a change in the mechanism o f the non-radiative processes.
The results presented in Table II show that in non-polar solvents very efficient deactivation processes set out from the lowest excited singlet state and these processes show strong tem perature dependence. The deactivation processes, however, loose considerably in their im portance with in creasing solvent polarity. It would be essential to know something of the nature of the efficient nonradiative processes. We know that photochemical decomposition from the singlet excited state is in significant (see below). Considering the practically tem perature independent triplet yields and the effi cient tem perature dependent non-radiative singlet decay in methylcyclohexane, we assume that in non-polar and in weakly polar solvents the pre dom inant deactivation of the S,(7t,7r*) state is a thermally enhanced transition to S2(n,7t*) followed by a cross-over to a T(7r,7t*) triplet state. The as sumption of such an indirect deactivation route is supported by the El-Sayed [5] and extended El-Sayed [6] rules and is in accordance with the high A-factors found in non-polar and weakly po lar solvents. A similar relaxation mechanism has been suggested by Kasama et al. for excited acridine in water [7] ,
In polar solvents where the tem perature depend ent non-radiative processes are characterized by low A-factors and lower activation energies, prob ably the direct singlet -» triplet transitions and flu orescence are dominating the depopulation of the lowest singlet state.
In Fig. 8 , an energy diagram is given which may be taken as representative for that type of com pounds as 2M D Q in non-polar solvents. The loca tion of the energy levels indicated has been given in accordance with the spectroscopic observations and discussion presented in Part I [1] . The lowest excited singlet state is identified as a S^T t* )' state with energy of about 26600 cm -1 above ground level. The second singlet, a S2(n,7i*) state, is at 27 100 cm -1, while by analogy with the substituted benzaldehydes where the S -T split is known to be around 1750 cm -1 [8] , a T2(n,7i:*) state has been indicated at 25300 cm -1. Both experimental and theoretical results [1 ] predict unanimously the location o f the lowest T,(7r,7r*) triplet level at 21 900 c m '1. Finally, the energy of the T3(7t,7t*) tri plet level has been assumed to be similar to the S2(n,7i*) level on the ground that very efficient thermally enhanced singlet -> triplet transition occurs presumably with the participation of the S2(n,7t*) state.
Both the indirect and the direct singlet -> triplet transitions are indicated on the energy diagram. Although the S, -S2 and S ,-T 3 energy gaps are roughly the same as seen on the diagram, the con siderably larger A-factor expected for the indirect route makes this process the dom inant transition in non-polar and weakly polar solvents. If this is the case, then the experimental activation energy of about 3000 c m '1 obtained for the temperature dependent non-radiative processes could be identi fied with the value of the S, -S2 energy gap (i.e. the energy gap given in the diagram should be in creased somewhat).
In polar solvents, the (Tt.Tt*) states are shifted to lower energies. Due to the increased S, -S 2 gap, the indirect Si(rc,7r*) -» S2(n,n*) -» T3(7t,7t*) transition becomes insignificant and the processes which de populate the 8 ,(71,71*) state are probably the S, -> S0 fluorescence and maybe also internal conver sion, the tem perature independent S, -* T, and the tem perature dependent Sj -» T3 transitions. The experimental activation energy of about 1500 cm -1 can be considered as a measure of the S1 -> T3 energy gap in polar solvents.
The scheme of photophysical processes o f excit ed N M D Q seems to be very similar to that of 2M D Q . The difference that one notices is the slower rate for the tem perature dependent com po nent o f the non-radiative singlet decay of N M D Q in all solvents. This may be due to the increased S ,-S 2 energy gap in case of N M D Q compared to 2M D Q which makes the indirect S,(7t,7t*) -> S2(n,7r*) -> T 3(7r,7t*) transition less im portant even in non-polar solvents. This conclusion receives some support by the lower A-factors and activa tion energies as well as by the narrower A-factor range observed in case of the temperature depend ent non-radiative singlet decay processes of NM DQ .
Photochemical dehydrogenation
In the discussion above we have assumed that photochem ical decomposition from the excited singlet state plays no significant role in the non-radiative depopulation of singlet 2,3-dihydro-4(l H)-quinolinones. M oreover, determ ination of the overall quantum yields for the photochemical reaction indicated that triplet decomposition is not a significant prim ary process either.
By using three different analytical techniques (MS, HPLC and UV spectroscopy), we have shown that the chemical reaction which occurs in the studied systems is photochemical dehydrogen ation leading to 4(1 H)-quinolinones. The dehy drogenation products may be formed by two basi cally different mechanism, i.e. either by disproportionation of the appropriate free radicals or by direct H 2 elimination from the electronically excit ed 2,3-dihydro-4(l H)-quinolinone molecules.
(i) Radical disproportionation route: Analogous disproportionation reactions leading to the form a tion of dehydrogenation products have been pre viously suggested, for instance by Malkin and Kuzmin [9] . In the investigation described in this paper, the observation of a "long-lived transient" which decayed approxim ately according to second order kinetics appears to be in favour of the free radical origin of the observed dehydrogenation product. M oreover, in the photolysis of 2M D Q the detection of a m inor product with a formula of C20H 20N 2O2 (which may be formed by free radical dimerization) proves that free radicals play some role in the chemistry of the studied system. How ever, on the basis of the radical disproportionation mechanism o f product form ation it is hard to un derstand why only one m ajor reaction product is formed. The reduced form (as for instance a major com pound with an alcoholic structure) that one expects to be formed beside NM Q in the dispro portionation reaction could not be detected by the three analytical methods applied.
One does not expect significant free radical for m ation to occur by photoreduction involving sin glet excited 2,3-dihydro-4( 1 H)-quinolinone mole cules, nevertheless, photodehydrogenation was observed in non-deaerated samples saturated with 0 2 where triplet state was quenched. One could as sume that under these conditions, free radicals were formed in a different way, for instance by N -H bond fission in the singlet state, and these radicals could give the dehydrogenation product. This is, however, certainly not the case since 4(1 H)-quinolinone product is formed not only from 2M D Q but also from N M D Q where no N -H bond splitting can occur.
(ii) M olecular H 2 elimination route: Analogous H 2 elimination processes are known from the literature: Thus, intram olecular dehydrogenation has been suggested to be the dom inant photode composition reaction of thio-chrom anones [10] which are the thioanalogues of the com pounds studied in this work. M olecular elimination can explain the following findings made in this work: -Form ation of only one m ajor product, the ap propriate 4(1 H)-quinolinone molecule. -The production of the dehydrogenation prod ucts from 2M N D Q and N M D Q both from the singlet and the triplet excited states. Considering this, we suggest that the dom inating route in the photodecom position of the 2,3-dihydro-4(l H)-quinolinones is probably m olecular H 2 elimination. However, for a better understanding of the decomposition mechanism further investi gations would be required.
Experimental
The 2,3-dihydro-quinolinones were synthesized by standard procedures [1, 11, 12] and were puri fied by recristallization or by preparative thin-layer chrom atography. Toluene was purified as de scribed in the literature [13] ; all other solvents were of spectroscopic grade and were used as received.
